Introduction
============

Prostate cancer remains the second leading cause of cancer-related deaths among men in the US, with an estimated death toll exceeding 26,120 in 2015.[@b1-cmar-10-4817] Although early treatment can be performed by radical prostatectomy or radiation, most patients will have local recurrence and distant metastases later.[@b2-cmar-10-4817],[@b3-cmar-10-4817] Drug combinations are widely used to treat the most difficult diseases such as cancer.[@b4-cmar-10-4817],[@b5-cmar-10-4817] The main purpose of the combination therapy is to achieve a synergistic effect, reduce toxic doses and reduce or delay the induction of drug resistance.[@b6-cmar-10-4817] The effective drug combination results in a reduction in the concentration of each drug required to produce the desired effect compared to the dose of each drug to produce the same effect as a single agent. Thus, the good literature described in the use of combination therapy in cancer has the advantage of producing synergistic antitumor effects through the use of anticancer drugs with different mechanisms and/or reducing the possibility of developing resistant cancer cell clones.[@b7-cmar-10-4817]

In previous studies, we screened the Johns Hopkins Drug Library for the inhibition of prostate cancer cell proliferation to identify new anti-prostate cancer activity in known drugs. We identified an antibacterial drug clofoctol as a novel inhibitor of prostate cancer cell proliferation and systematically investigated the mechanism underlying its anticancer activity in vitro and in vivo. The study also showed that clofoctol exerts its anticancer effect through activation of endoplasmic reticulum (ER) stress and all three unfolded protein response (UPR) pathways.[@b8-cmar-10-4817] Sorafenib is a multi-kinase inhibitor and tyrosine kinase receptor of the Raf/MEK/ERK pathway and has been shown to induce apoptosis and inhibit proliferation and angiogenesis in a variety of tumor cells.[@b9-cmar-10-4817]

The ER plays an important role in the quality control of proteins, determining whether the protein is correctly folded before it reaches its final destination.[@b10-cmar-10-4817] When proteins are mis-folded, they are retained in the ER and delivered to the cytosol for proteasomal degradation, a process known as ER-related degradation.[@b11-cmar-10-4817] If the misfolded protein accumulates beyond the limit of the ER-related degradation ability, it will lead to the activation of the UPR process.[@b12-cmar-10-4817] UPR is a cytoprotective mechanism that responds to the misfolded protein excess in ER. The UPR pathway includes three specific branches: IRE1, ATF6 and PERK.[@b13-cmar-10-4817] Both PERK and IRE1 contain a cytoplasmic kinase domain, which is known to be activated by homodimerization and autophosphorylation in the presence of ER stressors.[@b14-cmar-10-4817] The UPR increases protein folding capacity via activation of IRE1 and ATF6 that leads to increased production of ER chaperones and also decreases the unfolded protein burden via PERK-dependent inhibition of translation initiation.[@b15-cmar-10-4817] In the case of ATF6, accumulation of unfolded proteins induces ATF6 transport from the ER to the Golgi apparatus, where it is cleaved by two transmembrane protein site 1 (S1P) and site 2 (S2P) proteases.[@b16-cmar-10-4817] Cleaved ATF6 produces a cytoplasmic protein that is an active transcription factor. Short-term ER stress events lead to prosurvival transcriptional activities through UPR pathways. When cells undergo irreversible ER stress, the UPR pathway eliminates damaged cells by apoptosis.[@b17-cmar-10-4817]--[@b19-cmar-10-4817] Significantly, other reports have demonstrated that sorafenib is a potent inducer of ER stress, manifested by a rapid mobilization of cytoplasmic calcium, PERK activation, induction of IRE1, XBP1 splicing, phosphorylation of eIF2 and induction of the CHOP (also known as DDIT-3) and the GADD34 (also known as PPP1R15A).[@b20-cmar-10-4817] Thus, UPR is an important sensor for cells to make a life or death decision under conditions of ER stress.

In this study, we identified clofoctol and sorafenib as a synergistic drug combination for inhibition of PC-3 cell growth through high-throughput screening. We further investigated this synergistic mechanism and found that treatment of sorafenib with clofoctol enhanced PC-3 cell death by inducing ER stress and activating the UPR pathway. In addition, we found that clofoctol induces the accumulation of ubiquitinated modified proteins, which is a general indicator of the inhibition of ubiquitin proteasome system (UPS) function. Sorafenib alone does not cause accumulation of ubiquitinated modified proteins, but sorafenib enhances clofoctol's action when used in combination. Finally, we used mouse xenografts of PC-3 cells to demonstrate synergistic effects of clofoctol and sorafenib in vivo. Our results indicate that these two compounds have a synergistic effect on PC-3 cell death induced by the ER stress signaling pathway and demonstrate that this combination is an effective therapeutic potential in prostate cancer.

Materials and methods
=====================

Cell cultures and reagents
--------------------------

PC-3, DU145 and LNCaP were obtained from the Shanghai Institute for Biological Sciences and grown in the Roswell Park Memorial Institute-1640 (RPMI-1640) culture medium supplemented with 10% FBS (Thermo Fisher Scientific, Waltham, MA, USA), penicillin (100 U/mL) and streptomycin (100 µg/mL). Cultured cells were grown at 37°C in a humidified atmosphere of 5% CO~2~ and were passaged using pancreatic enzymes two or three times a week. Sorafenib tosylate (BAY 43-9006), clofoctol, MG132 and cycloheximide (CHX) were purchased from Sigma-Aldrich Co. (St Louis, MO, USA).

Cell viability assays
---------------------

PC-3 cells were seeded on 96-well plates (2,000 cells/well in 100 µL), with three replicates used for each concentration. The cells were treated with various concentrations of sorafenib or clofoctol before incubation with 10 µL per well of Cell Counting Kit-8 (CCK-8) reagent (Dojindo Molecular Technologies Inc., Shanghai, China) or Alamar blue (Sigma-Aldrich, MO, USA) solution for 3 hours. Cell viability was estimated by CCK-8 assay or Alamar blue assay.[@b21-cmar-10-4817] The OD was measured using a microplate reader (Thermo Fisher Scientific). The IC~50~ values were calculated using the GraphPad Prism 5.0 software (GraphPad Software, Inc., La Jolla, CA, USA). The combined effect can be compared to the expected additive effect given by the common formula *E~ab~* = *E~a~* + (1-*E~a~*) *E~b~*, where *E~ab~* represents the theoretical effect of the two drug combinations and Ea and Eb represent the two drugs.[@b22-cmar-10-4817] To determine the potential mechanism of drug--drug interactions, we used the CompuSyn software (CompuSyn, Cambridge, UK) to calculate the combination index (CI). A CI of \<1.0 was considered to be indicative of synergism.

Cell apoptosis and cell-cycle analysis
--------------------------------------

Cells were treated with dimethyl sulfoxide (DMSO), sorafenib (6 µM), clofoctol (10 µM) and in combination for 24 hours, before being harvested and centrifuged. Cell apoptosis and cell cycle were examined by flow cytometry using Annexin V-Fluorescein-isothiocyanate (FITC)/propidium iodide (PI) double staining and PI staining of DNA, respectively.

Western blot analysis
---------------------

Cells were treated with sorafenib (6 µM) and clofoctol (10 µM) alone or in combination for the indicated periods of time. Cells were harvested and subjected to Western blot analysis as described previously.[@b23-cmar-10-4817] The primary antibodies used in the experiments were as follows: GAPDH (1:1,000; Cell Signaling Technology, Danvers, MA, USA), eIF2α (1:1,000; Cell Signaling Technology), phospho-eIF2α (1:1,000; Cell Signaling Technology), transcription factor CHOP (1:500; Cell Signaling Technology), ATF4 (1:1,000; Cell Signaling Technology), PERK (1:1,000; Cell Signaling Technology) and ubiquitin (1:1,000; Santa Cruz Biotechnology Inc., Dallas, TX, USA).

XBP1 splicing assay and quantitative real-time PCR
--------------------------------------------------

Total RNA from cells was isolated by TRIzol reagent (Thermo Fisher Scientific), and cDNAs were synthesized using cDNA Synthesis Kit (Takara Bio, Otsu, Japan) with oligo-(dT) primers. The cDNAs were PCR amplified using specific primers for XBP1 designed by Roche program. Primers of XBP1 were as follows: hXBP1.3S: AAA CAG AGTAGCAGCTCAGACTGC and mXBP1.12AS: TCCTTCTGGGTAGACCTCTGGGAG. The PCR products were resolved on 2% agarose gel. To distinguish the unspliced XBP1 mRNA from the spliced form, the PCR products of XBP1 mRNA were digested with Pst I prior to gel electrophoresis. Quantitative real-time PCR (qPCR) was carried out using Roche LightCycler 96 instrument (Hoffman-La Roche Ltd., Basel, Switzerland). Sequences of primers for GRP78/BiP (commonly known as BiP), CHOP, ATF6, ATF4, PERK and GADD34 are summarized in [Table S1](#SD2-cmar-10-4817){ref-type="supplementary-material"}.

Xenograft tumor mouse model
---------------------------

The animal experiment was approved by the ethics committee of Soochow University (Approval No. ECSU-201800066) and followed the guideline for Guide for the Care and Use of Laboratory Animals. Male BALB/c nude mice (4 weeks old) were purchased from the Soochow University Experimental Animal Center. Mice were allowed to get accustomed to their new environment for 1 week before commencement of the experiment.

Mice were inoculated subcutaneously with 2×10^6^ PC-3 cells suspended in 200 µL PBS on the right back. When xenograft tumors reached a volume of \~100 mm^3^, mice were randomly assigned to four groups (n=7 each group) and treated intraperitoneally. Therapeutic schedule based on our in vitro results, preliminary experiments and other researchers' studies was as follows: 1) control group: solvent; 2) clofoctol-treated group: clofoctol 100 mg/kg; 3) sorafenib-treated group: sorafenib 18 mg/kg; and 4) combination treatment group: clofoctol 100 mg/kg and sorafenib 18 mg/kg. Treatment cycle was 2 days, and the whole treatment process lasted for 5 weeks. Mice were weighed every 4 days. Tumor sizes were monitored every 4 days using a caliper, and tumor volume was calculated according to the formula *L*×*S*^2^×0.5,[@b24-cmar-10-4817] in which L represents the longest diameter and S represents the shortest diameter of the tumor.

Statistical analyses
--------------------

The quantitative data are presented as mean±SD values and plotted using GraphPad Prism 5. Statistically significant differences were determined by an unpaired Student's *t*-test. Values of *P*≤0.05, *P*≤0.01 and *P*≤0.001 were denoted by asterisks \*, \*\* and \*\*\*, respectively, by comparing the experimental (treated) vs vehicle group. The significance of the differences between the experimental conditions was determined using Student's *t*-test for unpaired observations.

Drug synergistic effect: The software Calcusyn (Bio-Soft, Ferguson, MO, USA and Cambridge, UK) was used for calculating drug combination effect. CI was used as the indicator of the drug combination dose effect.

Results
=======

Screening of the inhibitors and verification of the combination effect
----------------------------------------------------------------------

For synergistic screening, we selected 40 inhibitors of Johns Hopkins Drug Library (JHDL) drugs to inhibit prostate cancer cells. A total of 19 different drug classes were selected, including different classes of antiviral drugs, vasodilators and antihistamines drugs ([Table 1](#t1-cmar-10-4817){ref-type="table"}). According to the Chou--Talalay formula and the dose--response method, different drugs were combined with clofoctol for the treatment of PC-3 cells. In our previous study, we found that clofoctol is active on all six prostate cancer cell lines with IC~50~ values ranging from 10 to 15 µM.[@b8-cmar-10-4817] To determine IC~50~ values, we initially treated PC-3 cells with increasing concentrations of sorafenib, ranging from 1.95 to 15 µM ([Table 2](#t2-cmar-10-4817){ref-type="table"}). The IC~50~ concentration of sorafenib in PC-3 cells was 5.98 µM (5.458--6.559 µM). The chemical structures of clofoctol and sorafenib are as follows ([Figure 1A and B](#f1-cmar-10-4817){ref-type="fig"}). We found that clofoctol and sorafenib can inhibit cell proliferation in prostate cancer cells (PC-3, DU145 and LNCaP). The Alamar blue assay was carried out at 72 hours with the cells treated with a range of doses; 2, 4 and 6 µM sorafenib and 2, 4, 6, 8, 10 and 12 µM clofoctol. Treatment of PC-3, DU145 and LNCaP cells with sorafenib and/or clofoctol showed that the inhibitory effect of the combination of the two drugs was far greater than the inhibitory effect of the single drug ([Figure S1A--C](#SD1-cmar-10-4817){ref-type="supplementary-material"}). The concept of synergy or antagonism has a well-defined definition: they represent a greater or lesser effect on the combination drug, respectively, rather than a simple additive effect expected by the action of each drug alone. If the actual efficiency is greater than the theoretical frequency, it indicates that the two drugs are synergistic. We have found that the effect of the two drugs in combination with multiple doses is greater than the additive effect in PC-3, DU145 and LNCaP cells. The effect of the combination of the two drugs was found to be more pronounced in PC-3 cells ([Table S2](#SD3-cmar-10-4817){ref-type="supplementary-material"}).

To further determine that clofoctol and sorafenib synergistically inhibit the growth of prostate cancer cells. This protocol is shown in [Figure 1C and D](#f1-cmar-10-4817){ref-type="fig"} and utilizes the cell viability assay of PC-3 cells. Cell viability was assessed by CCK-8 assay at 48 hours, and cells were treated with a series of doses of 2--9 µM clofoctol and 2--9 µM sorafenib. Treatment of PC-3 cells with clofoctol or sorafenib for 48 hours increased the anti-proliferative effect in a dose-dependent manner. Cell viability (%) represents the ratio of the value at 48 hours divided by the value at 1 hour for each concentration and normalized to the negative control (untreated cells). Combination therapy resulted in a significant increase in antiproliferative effect when compared to treatment with clofoctol or sorafenib as a single treatment (\*\*\**P*\<0.001; [Figure 1C](#f1-cmar-10-4817){ref-type="fig"}). CI is the natural law-based general expression of pharmacologic drug interactions. The CI theorem offers a quantitative definition for additive effect (CI=1), synergism (CI\<1) and antagonism (CI\>1) in drug combinations. When calculated for clofoctol and sorafenib, the CI was \<1 in PC-3 cells with increasing dose, indicating synergistic effects ([Figure 1D](#f1-cmar-10-4817){ref-type="fig"}).

Clofoctol and sorafenib synergistically inhibit PC-3 cell proliferation
-----------------------------------------------------------------------

Based on our results, we selected IC~50~ doses of clofoctol (10 µM) and sorafenib (6 µM) for further combination studies. Studies of PC-3 cell apoptosis and cell cycle were performed. Clofoctol and sorafenib were minimally toxic by Annexin V analysis when administered alone at concentrations as high as 10 and 6 µM, respectively. The percentage of apoptotic cells is expressed as the percentage of cells double positive for PI and Annexin V. When cells were exposed to the combination of sorafenib and clofoctol, 78.84% cells were arrested in the G1 phase ([Figure 2A and B](#f2-cmar-10-4817){ref-type="fig"}) and the apoptosis rate increased up to 21.94% ([Figure 2C and D](#f2-cmar-10-4817){ref-type="fig"}). These results suggest that clofoctol in combination with sorafenib induces cell-cycle arrest and enhances the apoptotic effect.

Clofoctol combined with sorafenib inhibits PC-3 cell growth by activating UPR pathways
--------------------------------------------------------------------------------------

In our previous studies, we demonstrated PC-3 cells treated with clofoctol-induced massive vacuolization and activated ER stress. Indeed, all three UPR pathways including IRE1, PERK and ATF6 were activated by clofoctol. Activation of UPR pathways by clofoctol led to the inhibition of protein translation in cells and activation of the JNK signaling pathway, resulting in autophagic cell death. Hence, PC-3 cells treated with clofoctol and sorafenib could not only induce ER stress separately but might also have a synergistic effect on some pathways in ER stress. We thus investigated the effects of sorafenib and clofoctol on UPR pathways, including IRE1, PERK and ATF6. Real-time PCR analysis was performed to determine the expression of mRNAs involved in the UPR pathways in PC-3 cells after 12 hours of clofoctol and sorafenib ([Figure 3A--C](#f3-cmar-10-4817){ref-type="fig"}). We observed that the Pst I digestion products from XBP1 mRNA were decreased after treatment with combination of sorafenib with clofoctol for 24 hours ([Figure 3D](#f3-cmar-10-4817){ref-type="fig"}). These results were validated by qPCR and Western blot, which confirmed that ATF4 and CHOP pathways were activated and could induce cell death even though there was no obvious difference in phosphorylation of eIF2α ([Figure 3E--G](#f3-cmar-10-4817){ref-type="fig"}).

Clofoctol could induce the accumulation of ubiquitinated proteins
-----------------------------------------------------------------

The ATP-driven chaperone VCP, also known as p97, is an AAA-ATPase central to UPS-dependent protein turnover. (VCP)/p97 governs critical steps in ubiquitin-dependent protein quality control and intracellular signaling pathways.[@b25-cmar-10-4817],[@b26-cmar-10-4817] The VCP-centered ER-associated protein degradation pathway serves to reduce excessive levels of unfolded polypeptides in the ER, thereby mitigating ER stress. Once ER stress is activated, ER stress-associated apoptotic signaling is initiated, as exhibited by cellular vacuolization.[@b27-cmar-10-4817] In this study, we sought to determine whether clofoctol affects the UPS pathway. PC-3 cells were exposed to DMSO, 6 µM sorafenib, 10 µM clofoctol or the combination of these two compounds for 6 and 24 hours, and 5 µM MG132 was used as a positive control. Equal amounts of protein from whole cell lysates were subjected to Western blot for the VCP proteins (a general indicator of inhibited UPS function). Clofoctol causes the accumulation of ubiquitinated proteins by inhibiting the ubiquitination signaling pathway, while sorafenib can attenuate the effects of clofoctol. We speculated that sorafenib may play an important role in the ubiquitination signaling pathway to attenuate the inhibition of clofoctol at 6 and 24 hours. In particular, this effect is more pronounced within 24 hours ([Figure 4A](#f4-cmar-10-4817){ref-type="fig"}). We further showed that clofoctol could cause a dose-dependent vacuolization of the cytoplasm and sorafenib alone does not cause vacuolization of the cytoplasm, but in combination, sorafenib enhances the effect of clofoctol ([Figure 4B](#f4-cmar-10-4817){ref-type="fig"}).

Antitumor activity of combination of clofoctol with sorafenib in human prostate cancer xenografts
-------------------------------------------------------------------------------------------------

Male BALB/c nude mice with PC-3 cell xenograft tumors were treated with vehicle, clofoctol, sorafenib or the combination for 5 weeks. When tumors were taken out ([Figure 5A](#f5-cmar-10-4817){ref-type="fig"}), it was obvious that the tumors in the clofoctol and sorafenib treatment groups were smaller than those in the control group, and the inhibition was even more remarkable in the clofoctol--sorafenib co-treatment group ([Figure 5B and C](#f5-cmar-10-4817){ref-type="fig"}). During the whole intervention process, clofoctol, sorafenib and their combination were well tolerated by the mice with appropriate dose according to the weight of the mice, and the weight in all the three treatment groups was not significantly different from that of the control group ([Figure 5D](#f5-cmar-10-4817){ref-type="fig"}). There was no difference in daily food and water consumption between groups. Then, qPCR was performed on RNA extracted from the tumors of these four groups. qPCR results showed that the expression levels of CHOP, GADD34, ATF6, ATF4, PERK and GRP78 mRNA increased significantly. The results further validated that clofoctol and sorafenib could lead to synergistic PC-3 cell death via induction of ER stress by activating UPR pathways ([Figure 5E](#f5-cmar-10-4817){ref-type="fig"}).

Discussion
==========

With the increase in morbidity and mortality of prostate cancer and the occurrence of adverse reactions, combination therapy has attracted attention due to its advantages such as enhanced anticancer effect, less medication and reduced adverse reactions.[@b28-cmar-10-4817] Given that monotherapy has more adverse effects, we tested the combination of clofoctol and PC-3 cells for 40 compounds in prostate cancer patients according to the Chou--Talalay formula and dose--response method. The use of Chou--Talalay analysis determines the presence of synergy, which requires parallel production of individual drug dose--response curves and combined proliferation data.[@b29-cmar-10-4817] The Chou--Talalay method uses the median effect equation to determine if the combination of the two drugs produces more effects than simply adding individual drug effects.[@b30-cmar-10-4817]

This study investigated whether ER stress and the UPR pathway are co-activated by clofoctol and sorafenib in vitro and in vivo in PC-3 cells. We found consistent evidence that clofoctol and sorafenib induce cell death via synergistic induction of ER stress by activating UPR pathways, which was characterized by increasing protein and mRNA expression of UPR pathways markers, eg, CHOP, GADD34, ATF6 and ATF4. Studies show that ATF4 promotes many adaptive responses, restores ER function and maintains cell survival.[@b31-cmar-10-4817] ATF4 can also promote apoptosis by regulating CHOP.[@b32-cmar-10-4817] In cells with irreversible damage, ATF4 also participates in the cell death pathway by inducing the transcription factor CHOP, a member of the ROS and the apoptosis regulator BCL-2 family.[@b33-cmar-10-4817] CHOP is a transcription factor induced by cellular stress and has been thought to play a role in signal transduction from ER stress to apoptosis.[@b34-cmar-10-4817] It has been shown that accumulation of CHOP enhances apoptosis in response to ER stress in various systems.[@b35-cmar-10-4817],[@b36-cmar-10-4817] GADD34 expression is induced by ER stress because its coding gene is activated by CHOP.[@b37-cmar-10-4817] In the present study, treatment with clofoctol and sorafenib resulted in a rapid increase in CHOP and GADD34 accumulation. These events represent prototypical markers of the ER stress-dependent UPR signaling pathway. The results showed that treatment with clofoctol and sorafenib increased the ATF4 mRNA expression, implying that PERK pathway is one of mechanisms of clofoctol- and sorafenib-induced ER stress.

In addition to PERK, IRE1 and ATF6 represent two other ER transmembrane proteins that serve as post-sensors of ER stress and mediate UPR.[@b38-cmar-10-4817] In response to the accumulation of unfolded protein in the ER, IRE1 undergoes activation and initiates XBP1 mRNA splicing, resulting in translation of the transcriptionally active form of XBP1. XBP1 is a transcription factor that regulates expression of important genes in ER stress response.[@b39-cmar-10-4817] When UPR is activated, IRE1 oligomerizes and activates its ribonuclease domain, which catalyzes the splicing of the expressed form of XBP1 mRNA (XBP1u). The unspliced form of XBP1 mRNA contains a Pst I digestion site that is removed upon splicing. This process will generate a spliced isoform of XBP1 mRNA (XBP1s) as a marker for activation of IRE1.[@b40-cmar-10-4817] ATF6 is transported from the ER to the Golgi apparatus, where it is cleaved into a cytoplasmic fraction and migrates to the nucleus to activate transcription of the UPR.[@b41-cmar-10-4817] In the current study, we found that the two compounds combined to induce PC-3 cell death through the synergistic induction of ER stress. An increase in ATF6 mRNA expression indicates that clofoctol and sorafenib activate the ATF6 pathway. In the XBP1 splicing assay, we observed a decrease in the Pst I digestion product of XBP1 mRNA after treatment with sorafenib combination with clofoctol for 24 hours. At the same time, we confirmed the results of synergistically induced ER stress by the combination of sorafenib and clofoctol by qPCR and Western blot.

In addition, clofoctol induces cytoplasmic vacuolization, although less pronounced vacuolization is sometimes observed in cells treated with sorafenib alone. Cells treated with clofoctol and sorafenib showed a significantly greater vacuolization than either treated cells. As the concentration of clofoctol increases, vacuolation becomes more pronounced than sorafenib. Thus, the underlying mechanisms of induction of ER stress between sorafenib and clofoctol are different, but they have a synergistic effect in ER stress. We further combined clofoctol and sorafenib in a PC-3 xenograft model and found that the combination therapy was more effective than the control in inhibiting the growth of xenograft tumors than either clofoctol alone or sorafenib alone. Then, qPCR was performed on RNA extracted from these four groups of tumors. We monitored the three UPR pathways: PERK pathway, IRE1 pathway and ATF6 pathway. We also measured the glucose-regulated protein GRP78/Bip mRNA expression, which is a marker of ER stress.[@b42-cmar-10-4817] The chaperone proteins, such as GRP78/BiP, GRP94, are major regulators of all three pathways.[@b43-cmar-10-4817] The results further validated that clofoctol and sorafenib could lead to synergistic PC-3 cell death via induction of ER stress by activating UPR pathways.

Conclusion
==========

Our data confirms the synergy between clofoctol and sorafenib by their effect on the ER-stress pathway to enhance antiproliferation and pro-apoptotic events of prostate cancer cells in vivo and in vitro. Our results suggest that the combination of clofoctol and sorafenib may be a viable strategy for the treatment of prostate cancer.

Supplementary materials
=======================

###### 

Clofoctol and sorafenib synergistically inhibit PC-3, DU145 and LNCaP cells proliferation.

**Notes:** (**A**--**C**) Alamar blue assays were performed 72 hours after treatment of PC-3, DU145 and LNCaP cells with a range of doses, 2--6 µM sorafenib and 2--12 µM clofoctol. It was verified by cell proliferation experiments whether the two drugs, clofoctol and sorafenib, synergistically inhibit prostate cancer. Repeat three times for each experiment, and Calculate the average of the plot. s and c are the acronyms for sorafenib and clofoctol, respectively.

###### 

Primers of quantitative PCR

  Primers   Forward primer           Reverse primer
  --------- ------------------------ -----------------------
                                     
  GRP78     GAAGACAAGGGTACAGGGAAC    TCCTCAGCAAACTTCTCAGC
  CHOP      GGAAACAGAGTGGTCATTCCC    CTGCTTGAGCCGTTCATTCTC
  ATF6      ATGGACCTATGAGCATGTTGG    ATGTGTCCTGTGCCTCTTTAG
  ATF4      CTTACAACCTCTTCCCCTTTCC   GGCTTCCTATCTCCTTCAGTG
  PERK      GGATCCGTCTCCCCAATAGG     GGCCAGTCTGTGCTTTCATC
  GADD34    AAACACTGGGGCTGAAAACC     ACTCCCTCCTCTTCAGCAAC

###### 

The combination effect and the expected additive effect **PC-3**

  PC-3            Sorafenib(a)   [2 mm]{.smallcaps}   [4 mm]{.smallcaps}   [6 mm]{.smallcaps}   [2 mm]{.smallcaps}          [4 mm]{.smallcaps}   [6 mm]{.smallcaps}
  --------------- -------------- -------------------- -------------------- -------------------- --------------------------- -------------------- --------------------
                                                                                                                                                 
  Clofoctol (b)   Effect         0.106                0.228                0.257                *E~ab~=E~a~+(l-E~a~)E~b~*                        
  Dose (pM)       Effect         Combination effect                        Expected effect                                                       
  2               0.077          0.182                0.264                0.384                0.175                       0.287                0.314
  4               0.078          0.244                0.336                0.417                0.176                       0.288                0.315
  6               0.078          0.263                0.422                0.66                 0.176                       0.288                0.315
  8               0.076          0.325                0.625                0.795                0.174                       0.287                0.313
  10              0.052          0.441                0.739                0.848                0.152                       0.268                0.296
  12              0.165          0.61                 0.834                0.887                0.254                       0.355                0.380
                                                                                                                                                 
  DUI45                                                                                                                                          
                                                                                                                                                 
  Clofoctol (b)   effect         0.05                 0.095                0.227                *E~ab~=E~a~+(l-E~a~)E~b~*                        
  Dose (pM)       effect         Combination effect                        Expected effect                                                       
  2               0.02           0.117                0.205                0.424                0.069                       0.113                0.242
  4               0.067          0.138                0.286                0.548                0.114                       0.156                0.279
  6               0.074          0.181                0.488                0.78                 0.120                       0.162                0.284
  8               0.142          0.379                0.75                 0.828                0.185                       0.224                0.337
  10              0.154          0.57                 0.806                0.856                0.196                       0.234                0.346
  12              0.295          0.77                 0.474                0.863                0.330                       0.362                0.455
                                                                                                                                                 
  LNCaP                                                                                                                                          
                                                                                                                                                 
  Clofoctol (b)   effect         0.206                0.37                 0.756                *E~ab~=E~a~+(l-E~a~)E~b~*                        
  Dose (pM)       effect         Combination effect                        Expected effect                                                       
  2               0.075          0.305                0.541                0.883                0.266                       0.417                0.774
  4               0.1            0.438                0.731                0.917                0.285                       0.433                0.780
  6               0.279          0.697                0.903                0.934                0.428                       0.546                0.824
  8               0.455          0.856                0.93                 0.958                0.567                       0.657                0.867
  10              0.615          0.931                0.935                0.96                 0.694                       0.757                0.906
  12              0.83           0.948                0.959                0.961                0.865                       0.893                0.959
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![Clofoctol and sorafenib synergistically inhibit PC-3 cell proliferation.\
**Notes:** (**A**) and (**B**) Chemical structures of clofoctol and sorafenib. (**C**) PC-3 cells were treated with a series of concentrations of clofoctol alone, sorafenib alone and a combination of clofoctol and sorafenib. Cell viability was determined by CCK-8 assay. Cells untreated with sorafenib or clofoctol were used as negative control. *X*-axis values represent each drug concentration. *Y*-axis represents the ratio of the value at 48 hours divided by the value at 1 hour for each concentration and normalized to the negative control, which was set to 100%. Graph bars represent mean±SD. \*\*\**P*\<0.001 indicate statistical significance as determined by using the unpaired *t*-test. (**D**) The key parameter returned by the Chou--Talalay method is the CI. A CI of 1 indicates pure additivity, a CI of \>1 indicates antagonism and a CI between 0 and 1 indicates synergy.\
**Abbreviations:** CCK-8, Cell Counting Kit-8; CI, combination index.](cmar-10-4817Fig1){#f1-cmar-10-4817}

![Clofoctol and sorafenib induce cell-cycle arrest and apoptosis.\
**Notes:** (**A** and **B**) PC-3 cells show increased accumulation of cells in G1 with combination of clofoctol and sorafenib. Cell-cycle distribution was analyzed by flow cytometry with PI-stained PC-3 cells treated with DMSO, clofoctol, sorafenib and combination for 24 hours. Difference in the distribution is shown in histograms on the right. (**C** and **D**) The percentage of Annexin V-positive PC-3 cells treated with DMSO, clofoctol, sorafenib and combination for 24 hours was determined through Annexin V/PI assay. The difference percentage of early and late apoptosis is displayed in the right histogram. \**P*\<0.05 indicates statistical significance as determined by using the unpaired t-test *t*-test. s and c are the acronyms for sorafenib and clofoctol, respectively.\
**Abbreviations:** PI, propidium iodide; DMSO, dimethyl sulfoxide.](cmar-10-4817Fig2){#f2-cmar-10-4817}

![Combination of sorafenib and clofoctol induces ER stress in PC-3 cells.\
**Notes:** (**A**--**C**) The hallmarks of ER stress were measured by real-time PCR levels after treatment with compounds for 12 hours. Values were normalized to DMSO treatment. Graph bars represent mean±SD from three independent experiments. \**P*\<0.05, \*\**P*\<0.01 and \*\*\**P*\<0.001 indicate the statistical significance by using the unpaired t-test *t*-test. (**D**) XBP1 splicing after PC-3 cells treatment with compounds (sorafenib, clofoctol and TG used as a positive control) for 6 hours and 24 hours. The two bands at the bottom represent the products from digestion of XBP1u, and the top band in gel represents XBP1s, which cannot be digested by the restriction endonuclease Pst I. (**E-F**) We detected mRNA expression levels of UPR pathway-activated markers by qPCR, such as CHOP, PERK and ATF4. (**G**) We detected protein expression levels of UPR pathway-activated markers by Western blot, such as CHOP, PERK, ATF4 and eIF2α. The protein molecular weights of CHOP, PERK, ATF4, phospho-eIF2α, eIF2α and GAPDH were 27, 140, 49, 38, 38, 37 kDa, respectively. and c are the acronyms for sorafenib and clofoctol, respectively.\
**Abbreviations:** ER, endoplasmic reticulum; DMSO, dimethyl sulfoxide; TG, thapsigargin; UPR, unfolded protein response.](cmar-10-4817Fig3){#f3-cmar-10-4817}

![Clofoctol and sorafenib induced vacuolization and ubiquitin accumulation in PC-3 cells.\
**Notes:** (**A**) PC-3 cells expressing ubiquitin with HA-tag were exposed to compounds as described earlier for 6 hours and 24 hours and immunoblotted for ubiquitin. The molecular weight of ubiquitin was 8 kDa. **(B**) Clofoctol could induce vacuolization of the cytoplasm, although less prominent vacuolization was sometimes observed in cells treated only with sorafenib. Cells treated with clofoctol plus sorafenib showed a significantly greater vacuolization than did cells with either treatment alone. The vacuolization becomes more apparent upon increasing the concentration of clofoctol but not that of sorafenib. s and c are the acronyms for sorafenib and clofoctol, respectively.](cmar-10-4817Fig4){#f4-cmar-10-4817}

![Clofoctol plus sorafenib enhanced inhibition of PC-3 xenograft tumor growth.\
**Notes:** (**A**) PC-3 xenograft tumors were smaller in the clofoctol and sorafenib treatment groups than vehicle control, and the inhibition was more remarkable in the clofoctol--sorafenib co-treatment group. (**B** and **C**) Tumor weight and tumor volume were reduced significantly by the combination therapy. Graph bars represent mean±SD from three independent experiments. \**P*\<0.05, \*\**P*\<0.01 and \*\*\**P*\<0.001 indicate the statistical significance by using the unpaired t-test *t*-test. (**D**) There was no significant difference in mouse weight between groups. (**E**) Extracted RNA from the isolated mice tumors was used to measure mRNA levels of genes related to ER stress. qPCR data are represented as mean±SD. \**P*\<0.05, \*\**P*\<0.05 and \*\*\**P*\<0.001 denote a significant difference by using the unpaired t-test *t*-test between combination treatment group and control group.\
**Abbreviations:** ER, endoplasmic reticulum; qPCR, quantitative real-time PCR.](cmar-10-4817Fig5){#f5-cmar-10-4817}

###### 

Distribution of drug classes

  Drug class                  Frequency
  --------------------------- -----------
                              
  Angiogenesis inhibitors     1
  Anthelmintic                2
  Antibiotic                  4
  Antidepressant              1
  Antifungal                  3
  Antihyperlipidemic          2
  Antihypertensive            1
  Antimalarials               1
  Antitumor                   6
  Antiviral                   2
  Antigout                    2
  Antiprotozoal               1
  Anti-schistosomiasis        1
  Anti-inflammatory           1
  Cardiotonic                 1
  Fungicide                   1
  Immunosuppressant           4
  Photosensitizer             1
  Protein kinase inhibitors   5

###### 

The dose-dependent cell proliferation assay of sorafenib on PC-3 cells

  Drug concentration (μM)   Cell viability (% control; mean±SD)
  ------------------------- -------------------------------------
                            
  1.95                      65.88±4.46
  2.96                      64.47±1.94
  4.44                      55.85±7.11
  6.67                      50.93±3.63
  10.00                     38.82±7.64
  15.00                     31.28±1.23

[^1]: These authors contributed equally to this work
